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a b s t r a c t
The sphere of International Commission on Radiation Units and Measurements (ICRU) con-
sists of 4-elemental compositions of 76.2% oxygen (O), 11.1% carbon (C), 10.1% hydrogen (H),
and 2.6% nitrogen (N) whereas there are 26 elemental compositions in the human body. In
this work, human body elemental composition has been used to calculate the ambient dose
equivalent rate of fast neutrons. 241Am–Be of 185 GBq (5 Ci) was utilized as neutron source. In
addition, the conversion coeﬃcients in International Commission on Radiological Protection
publication 116 (ICRP 116) was used to verify from the results of using elemental compositions
in the human body. The calculated results have been compared to those measured by a neu-
tron monitor. The mean values of discrepancies from the measured values were within ∼8%.
Moreover, systematic comparisons have been carried out with values published in literature.
This work concluded that the elemental compositions in the human body could be used to
design a phantom that has the same elemental composition of human body.
© 2015 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The ambient dose equivalent, H∗(10), at a point in a radiation ﬁeld, is the dose equivalent, which would be produced by the
corresponding expanded and aligned ﬁeld in the sphere of International Commission on Radiation Units and Measurements
(ICRU) at a depth of 10 mm on the radius opposing the direction of the ﬁeld. ICRU sphere is the sphere that is 30 cm in diameter
and its density equals to 1 g/cm3. This sphere consists of 4-elemental compositions (percentage by mass) of 76.2% oxygen (O),
11.1% carbon (C), 10.1% hydrogen (H), and 2.6% nitrogen (N). This sphere phantom nearly approximates the human body [1] .
In contrast, from the anatomy of human body, there are twenty-six different chemical elements normally are present in the
human body. Four elements are called the major elements, whereas 8 other elements are called the lesser elements, and 14
other are called trace elements. The major elements constitute about 96% of the body’s mass: 65% oxygen (O), 18.5% carbon (C),
9.5% hydrogen (H), and 3.2% nitrogen (N). The lesser elements are calcium, phosphorus (P), potassium (K), sulfur (S), sodium
(Na), chlorine (Cl), magnesium (Mg), and iron (Fe). The trace elements are aluminum (Al), boron (B), chromium (Cr), cobalt (Co),
copper (Cu), ﬂuorine (F), iodine (I), manganese (Mn), molybdenum (Mo), selenium (Se), silicon (Si), tin (Sn), vanadium (V), and
zinc (Zn). The lesser elements and trace elements constitute 4% of the body’s mass [2,3]. Therefore, there are differences in
elemental compositions between ICRU sphere and human body.∗ Corresponding author. Tel.: +966 563190832; fax: +966 12 6951106.
E-mail address: Abdusaeed79@hotmail.com, Abdusaeed81@gmail.com (A. Saeed).
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0096-3003/© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Capsule of the 241Am–Be neutron source - X.14 (code AMN.24), assembly.Neutrons are uncharged particles, they can travel appreciable distances in matter without undergoing interactions. When
neutrons fall into tissues, they may collide with atoms by an elastic or inelastic reaction. In the elastic reaction, the total kinetic
energy of the incoming particle is conserved whereas, in the inelastic collision, the nucleus absorbs some neutron’s energy and it
is left in an excited state [4]. Threshold neutron energy to differentiate between elastic and inelastic collisions depends on target
nucleus. It varies from inﬁnity for atoms of hydrogen to about 6 MeV for atom of oxygen to ≤ 1 MeV for uranium [5]. In general,
the inelastic scattering cross section is small. It is approximately ≤ 1 barn for low-energy fast neutrons. Between 100 MeV and
25MeV, the neutron inelastic cross section increases rapidly with decreasing energy. However, the neutron inelastic cross section
decreases rapidly with decreasing energy when energy is less than 25 MeV [4].
The absorbed dose from a beam of neutrons can be computed by considering the absorbed energy by each of the tissue ele-
ments that react with the neutrons. The type of reaction depends on the neutron’s energy. For fast neutrons with energy up to
about 20MeV, the dominantmechanism to transfer energy is elastic collision and the radiation dose absorbed locally in ﬁrst colli-
sion dose. It is estimated by the primary neutron ﬂux, and by neglecting the scattered neutrons after this primary interaction [5].
This study aimed to calculate the ambient dose equivalent rate H˙∗(10) of fast neutron using the elemental compositions of
human body. 241Am–Be has been considered as a neutron source because it has been used as a calibrating source for most of the
neutron surveying instruments [5]. In addition, the ambient dose equivalent rates produced by an 241Am–Be neutron source at
various source-to-detector distances have been studied in literature [6–8].
In this presentwork, the neutron ﬂux has been calculated analytically at different source-to-detector separations from 241Am–
Be neutron source. Then, the ambient dose equivalent rate has been estimated with two different approaches. In the ﬁrst ap-
proach, the dose rates were calculated using, the neutron cross-section, σ and elemental composition of human body tissue and
the radiation-weighting factor of neutrons have been used from ICRP 103 [9]. The second approach is based on calculating the
effective dose per ﬂuence value as in ICRP 116 [1] Moreover, a comparison between the calculated ambient dose equivalent and
the measured ones by neutron monitor NM2 (Nuclear Enterprise, UK NM2), as well as with the published data in literature has
been carried out.
2. Experimental work
2.1. 241Am–Be neutron source
One hundred and eighty ﬁve GBq (5 Ci) 241Am-Be neutron source in the form of capsule X.14 (code AMN.24), has been sup-
plied by Amersham International PLC., Buckinghamshire, England to the Nuclear Physics Lab, Faculty of Science, King Abdulaziz
University, Jeddah, Saudi Arabia. It has been corrected for the decay at the time of measurement. The capsule is a cylinder of 3 cm
base diameter and 6 cm height. The schematic diagram of the 241Am–Be source conﬁguration is shown in Fig. 1. The neutron
606 A. Saeed et al. / Applied Mathematics and Computation 274 (2016) 604–610emission of the source is 2.2 × 106 n s−1 Ci−1, with tolerance of around 10%, and strength of 1.1 × 107 n s−1 [10]. The 241Am–Be
neutron source is a compacted mixture of Americium oxide with Berylliummetal powder. It is doubly encapsulated in a vacuum
melted stainless steel (grade AIS1.316) sealed by argon arc welding. Typical percentage compositions are C (0.004%); Mn (1.59%);
P (0.011%); S (0.008%); Si (0.37%); Cr (16.96%); Ni (13.61%); Mo (2.29%); and Fe (65.157%) [10]. The 241Am–Be neutron source
produce neutrons of wide spectrum with energies ranging from 0 eV up to 11 MeV [8,11], and an average energy around 4.5 MeV
[5,10,12,13].
2.2. Measurement of the ambient dose equivalent
The ambient dose equivalent rate has been measured by using a neutron monitor (Nuclear Enterprise, UK NM2), provided
by Nuclear Engineering Department, Faculty of Engineering, King Abdulaziz University. NM2 consists mainly of thermal neutron
detector surrounded by polyethylene moderator with BF3 detector. The diameter of moderator is 21.6 cm whereas its length is
25 cm. The diameter of BF3 detector is 3 cm and its active length is 6 cm.
3. Analytical calculations
3.1. Ambient dose equivalent rate and elemental composition of human body
For fast neutrons, in case of the ﬁrst collision, the mean absorbed dose rate in Gy/s, from neutrons whose average energies,
En, can be calculated by [5]
D = En
∑
i Niσifi
1 J
Kg
/Gy
(1)
Where, En (MeV) is the average energy of neutron, (neutrons per cm2 per second) is the neutron ﬂux of energy En, (ﬂuence).
Ni is the number of atoms per kilogram of the ith element, σ i is the scattering cross-section of the ith element for neutrons of
energy E, in barns, and fi is the mean fractional energy transferred from neutrons to the scattered atom of ith element during the
collision.
The mean fractional energy, fi, transferred from neutron to scattered atom of element ith during elastic collision is given as in
[14,15] by
fi =
4Mim
(Mi+ m)2
(2)
Where, Mi and m are the masses of the nucleus of ith element and neutron, respectively. The number of atoms per kilogram
of ith element, Ni is given by:
Ni =
percentage of mass of element
100
Nv (3)
Where Nv is, the Avogadro number equals to 6.022×1026 Kilomole−1.
The calculated mean absorbed dose by Eq. (1), will be used to estimate the equivalent dose. The equivalent dose, HT, R, in
tissue or organ T due to a radiation R, is given by
HT =
∑
R
WR DR,T (4)
Where DT, R is the average absorbed dose from radiation R in tissue T and WR is the radiation-weighting factor for radiation
R (incident to the body in the case of external exposure). Since WR is dimensionless, the sum is performed over all types of
radiations involved [1] for irradiating by neutrons and Eq. (4) becomes;
HT = WR DR (5)
Where, WR is the radiation weighting factor for neutrons which is given in [9]
WR= 5.0 + 17.0 e−
(Ln(2En))
2
6 , for 1 MeV ≤ En ≤ 50 MeV (6)
When the average energy of neutron, En equals to 4.5 MeV, then the radiation-weighting factor, WR equals to 12.6. For any
type of radiation, the effective dose, E, can be calculated as in [1] by following equation:
E =
∑
T
WT
∑
R
WR DR,T (7)
Where WT is the tissue-weighting factor for tissue, T. The sum is performed over all organs and tissues of the human body
[1]. If the tissues of the human body have the same elemental compositions hence for all body,
∑
T WT = 1 so the Eqs. (5) and (7)
are equal, for all irradiation types to all tissues and organs. Therefore, effective dose equals to equivalent dose.
Ambient dose equivalent, H∗(10) has been calculated from the relation between effective dose and ambient dose equivalent.
For neutron, whose mean energy equals to 4.5 MeV, the ratio between the effective dose and ambient dose equivalent in case of
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Fig. 2. Schematic diagram of neutrons emitted from cylindrical source to a reference point p.antero-posterior geometry, AP, approximately equals to 1.2 [1]. An antero-posterior, AP, geometry irradiation has been selected
as an appropriate geometry irradiation to calculate the ambient dose equivalent rate as used to calculate the personal dose
equivalent rate by Domingo et al. [16].
3.2. Ambient dose equivalent rate and the effective dose conversion coeﬃcient
The ambient dose equivalent can be calculated using the conversion coeﬃcients for radiological protection quantities for
external radiation exposures [1], from the effective dose rate, E˙ that can be calculated by:
E˙ = e  (8)
Where, (cm−2 s−1) and e (pSv cm²) are the ﬂuence and the effective dose conversion coeﬃcients (effective dose per ﬂuence),
respectively.
3.3. Calculating of ﬂuence, 
To calculate the ambient dose equivalent as discussed previously in Eq. (8), one needs to calculate the ﬂuence, . The total
ﬂuence has been calculated at different source center-to-reference point distances perpendicular to the source axis (20–100 cm
with 10 cm steps). The total ﬂuence,  (s−1 cm−2), from cylindrical source can be calculated at point, p, as in Fig. 2 by Eq. (9)
when the self-absorption of source and the attenuation coeﬃcient of media (air) are neglected [17].
 = Avr
2
0
4 r
(F(θ1)+F(θ2)) (9)
Where, Av (s
−1 cm−3) is the activity per unit volume of the source, r0 (cm) is the radius of cylinder base of source; r is the
distance from the center of the source-to-reference point, p, perpendicular to the source axis. From the geometry of Fig. 3, F(θ1)
equals to F(θ2) and can be given by Eq. (10) where θ is measured in degrees with 1% statistical uncertainty [17]
F(θ ) = 0.016 θ + 0.005 (10)
4. Results and discussions
Table 1 shows the elastic scattering cross- section, σ i , from the [18], the atomic masses [19], the percentage of the elemental
composition in human body [2,3], and the mean fraction energy fi, for the elemental composition of human body (tissue). Mean
fraction energy fi, was calculated according to Eq. (2), whereas the N was calculated according to Eq. (3). The mean fractional
energies for trace elements (heave elements) are very small. Therefore, they can be neglected in this present calculation.
Table 2 gives the calculated total neutron ﬂuence,  (cm−2 s−1) and F(θ ), at different distances perpendicular to the center of
the source’s axis obtained by Eqs. (9) and (10), respectively. The estimated values are affected by the 10 % uncertainty due to the
source strength uncertainty given by the manufacturer, whereas the statistical uncertainty estimated with Eq. (10) is 1%.
For neutrons whose mean energy equals to 4.5 MeV, the effective dose per ﬂuence is obtained from the curve in Fig. 3.
This curve has been plotted from the data of table of the effective dose per ﬂuence for mono-energetic neutrons in the CD
accompanying with ICRP 116 report [1]. It has been taken as 488 pSv cm2 for neutrons whose energy is 4.5 MeV.
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Fig. 3. Effective dose per neutron ﬂuence. AP, antero-posterior for mono-energetic neutrons.
Table 1
Elastic scattering cross-section, the atomic masses, the percentage of the elemental composition in human body, and the
mean fraction energy for the elemental composition of human body (tissue).
Chemical element Percentage from the total Atomic mass (Mi) Mean fraction N (atom/kg) σ 4.5 MeV
(symbol) body mass energy, fi
Oxygen (O) 65 15.9994 0.1116 2.45E+25 1.30E−24
Carbon (C) 18.5 12.0112 0.1429 9.28E+24 1.67E−24
Hydrogen (H) 9.5 1.0080 0.5000 5.68E+25 1.74E−24
Nitrogen (N) 3.2 14.0067 0.1253 1.38E+24 1.26E−24
Calcium (Ca) 1.5 40.0800 0.0479 2.25E+23 2.16E−24
Phosphorus (P) 1 30.9738 0.0611 1.94E+23 1.90E−24
Potassium (K) 0.4 39.1020 0.0490 6.16E+22 2.69E−24
Sulfur (S) 0.3 32.0640 0.0591 5.63E+22 1.97E−24
Sodium (Na) 0.2 22.9898 0.0805 5.24E+22 8.19E−25
Chlorine (Cl) 0.2 35.4530 0.0538 3.40E+22 2.10E−24
Magnesium (Mg) 0.1 24.3120 0.0765 2.48E+22 7.80E−25
Iron (Fe) 0.005 55.8470 0.0349 5.39E+20 2.35E−24
Trace elements∗ 0.095
∗ The trace elements are present in small amount which contain 14 elements (aluminum (Al), boron (B), chromium (Cr),
cobalt (Co), copper (Cu), ﬂuorine (F), iodine (I),manganese (Mn), molybdenum (Mo), selenium (Se), silicon (Si), tin (Sn),
vanadium (V), and zinc (Zn)).
Table 2
The total ﬂuence and its uncertainty at different distances perpendic-
ular to the center of source.
Distance, r (cm) Tan(θ ) θ ° F(θ )  (n/cm2.sec)
20 0.150 8.531 0.283 1982.694
30 0.100 5.711 0.193 900.267
40 0.075 4.289 0.147 515.854
50 0.060 3.434 0.120 335.959
60 0.050 2.862 0.102 237.275
70 0.043 2.454 0.089 177.219
80 0.038 2.148 0.079 137.890
90 0.033 1.909 0.071 110.690
100 0.030 1.718 0.065 91.065Fig. 4 shows a comparison between calculated ambient dose equivalent rate H˙∗(10) values of 241Am–Be using Eqs. (7) and (8)
and the one that has been measured by the neutron monitor NM2 at different distances from the center of the source perpen-
dicular to the source axis. Table 3 summarizes the calculated ambient dose equivalent rates using the elemental composition of
human body, the conversion coeﬃcient by ICRP 116, and the measured ambient dose equivalent rate by neutron monitor NM2
at different distances perpendicular to the center of the neutron source. The ratios, between the ones calculated by the human
composition and by the conversion coeﬃcient ICRP 116, and the measured ones, which show good discrepancies within ∼ 8 %
and ∼11 %, respectively.
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Fig. 4. Neutron ambient dose equivalent rate H˙∗(10) as a function of the distance from the center of the source perpendicular to the source axis.
Table 3
The calculated ambient dose equivalent rate by using elemental composition of human body, ICRP 116, the
measured values by NM2 neutron monitor, and the ratio between the calculated and the measured ones at
different source center-to-reference point distances, perpendicular to the source axis.
Distance (cm) H∗(10) (μSv h−1) H˙
∗(10)human composition
H˙∗(10)NM2
H˙∗(10)ICRP 116
H˙∗(10)NM2
Human body composition ICRP 116 NM2
20 2990.76 2902.66 2900 1.03 1.00
30 1357.99 1317.99 1335 1.02 0.99
40 778.13 755.21 833 0.93 0.91
50 506.77 491.84 570 0.89 0.86
60 357.91 347.37 426 0.84 0.82
70 267.32 259.45 310 0.86 0.84
80 208 201.87 230 0.90 0.88
90 166.97 162.05 200 0.83 0.81
100 137.37 133.32 140 0.98 0.95
Mean ± Std. dev. - - - 0.92±0.0 7 0.89±0.07
Table 4
A comparison between the calculated ambient dose equivalent rates per 1 Ci at 100 cm by this present study and those
reported in the literature [6–8].
Reference Activiy (Ci) H˙∗(10) at 100 cm Method of calculation H˙∗(10) per 1 Ci
Mazrou et al. [6] 5 125.8 MCNP5 25.16
Vega-Carrillo et al. [7] 3 78.97 ICRP 74 26.32
Ishak-Boushaki et al. [8] 1 27.37 Maxed and the Gravel code 27.37
Present work 5 137.37 Composistion of human body 27.47From Fig. 4, it can be seen that the ambient dose equivalent rate H˙∗(10) is inversely proportional to r2 (source center-to-
reference point distance perpendicular to the source axis), which is consistent with the data reported by Mazrou et al. [6].
Fig. 4 and Table 3 illustrate that as the distances from the source increase; the measured values differ from the calculated values.
This is attributed to the role of scattering by molecules of different gases that compose the air [7,20]. The scattering of neutron
might lead to minimize the energy of fast neutrons. Accordingly, the mean energy will be minimized where the effective dose of
neutrons increases as the energy of neutron decreases in the range of 1 MeV up to 100 MeV [1].
Table 4 summarizes a comparison between the ambient dose equivalent rates per 1 Ci at a separation distance 100 cm that has
been calculated in this present study and others reports, which were performed using the MCNP5 in Ref. [6], using conversion
coeﬃcient ICRP 74 in Ref. [7], and using Maxed and the Gravel code in the Ref. [8] from 241Am–Be neutron source of different
activities.
5. Conclusion
The ambient dose equivalent rate, H˙∗(10) from 5 Ci 241Am–Be neutron source has been calculated in the present study by the
elemental composition of human body and by the conversion coeﬃcient ICRP 116. A comparison between the calculated values
with the measured ones by NM2 neutronmonitor indicates a good agreement. Moreover, the calculated ambient dose equivalent
rate per 1 Ci using the elemental composition of human body tissue is in a good agreement with the values reported by different
610 A. Saeed et al. / Applied Mathematics and Computation 274 (2016) 604–610simulation codes for the same neutron source of different activities. Therefore, the present study offers a good methodology to
design a phantom that has the same elemental composition of human body (oxygen (O) 65%, carbon (C) 18.5 %, hydrogen (H)
9.5%, nitrogen (N) 3.2%, calcium (Ca) 1.5%, phosphorus (P) 1%, potassium (K) 0.4%, sulfur (S) 0.3%, sodium (Na) 0.2%, chlorine (Cl)
0.2%, magnesium (Mg) 0.1%, iron (Fe) 0.005%). These predictions give the opportunities to be used for applications in nuclear
medicine.
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